Six marine and four freshwater specimens of the bull shark Charcarhinus leucas were collected from different areas in Latin America and Australia, and subjected to analysis for mitochondrial DNA sequences in the cytochrome b gene and D-loop region.
The bull shark Carcharhinus leucas is widely distributed along the coastal areas of tropical and subtropical seas and is famous for its ability to penetrate freshwaters.
Its exis tence has been recorded in several river systems: Lake Izabal-Rio Dulce, Guatemala,1) the Amazon River, Brazil,2) the upper Mississippi River, North America,3) and some river systems in Mexico4) and Australia and Papua New Guinea.5) However, the intraspecilic relation among specimens from different areas it is not yet clear.
Bigelow and Schroeder6) considered the Lake Nicaraguan bull shark as a landlocked form of C. leucas of the Pacific or Atlantic
Ocean on the basis of several minor differences in external characters, naming it C. nicaraguensis.
Later, they synonymized C. nicaraguensis with C. leucas since the differences in minor characters were too small to distinguish the two groups at a species level.7) Thorson et al.8) investigated several characters of the bull sharks which were collected from the San Juan River, and confirmed conspecifics of the Lake Nicaraguan shark. They also observed that the sharks inhabited all areas including rapids along the river, flowing into the Car ibbean Sea from Lake Nicaragua.
Furthermore, Thorson9) analyzed the population structure of the Nicaraguan bull shark using tagging experiments.
He concluded that the subpopulation in the lake did not perpetuate itself without reinforcement by a new marine subpopulation from the Caribbean Sea. However, this study failed to reveal the reproductive system of Nicaraguan bull sharks, since tagging experiments demonstrated only migrations from the sea to the lake and vice versa. Restriction fragment length polymorphism (RFLP) anal ysis for mitochondrial DNA has become a powerful tool in the study of animal populations.10) Recently, it has been used successfully to identify the population structure of several fish .11-14) For example, Martin 15) reported that RFLP analysis of D-loop could divide hammerhead sharks into two groups from five localities in the Pacific and At lantic Ocean.
However, supposed populations are often not separated in some fish species by RFLP analysis for mitochondrial DNA. 16, 17) This has led to recent studies on the population structure and genetic diversity using polymerase chain reac tion (PCR) amplification followed by sequencing of am plified DNA fragments, since this method is more sensitive for distinguishing possible populations. 18) This paper deals with sequence analyses on a few DNA fragments amplified by PCR in the mitochondrial cytochrome b gene and D-loop region of several individ- Fig. 3 in Results for more details).
Results

DNA Preparation
In this study, we prepared total DNA including genomic and mitochondrial fractions from the muscle of the bull shark C. leucas stored in 70% ethanol or TNES-urea buffer, and from frozen muscle tissues. The Australian frozen sample was stored at -80°C for approximately four years, however, DNA could be prepared without any appreciable damages. The quantities of DNA from all samples were enough for direct sequence analysis.
DNA Nucleotide Sequence of Cytochrome b Gene
We used versatile primers, L14841, H15149, GLUDG-L, and CB6THR-H, for amplification of a DNA fragment encoding a part of the cytochrome b gene (Table 2 and Fig. 2 ). These have been reported by Kocher et al.') and Palumbi et al., 19) and used for genetic analysis of many ver tebrate species .21-21) However, at least two fragments with different sizes were amplified by PCR from our samples with the following pairs of primers for light and heavy strands: L14841 and H15149, L14841 and CB6THR-H, and GLUDG-L and CB6THR-H, respectively. Therefore, these PCR products gave no DNA nucleotide sequences of the cytochrome b gene. Finally, only a pair of GLUDG-L and H15149 produced a single band in agarose gel electrophoresis which encoded a part of the cytochrome b gene.
The double-stranded amplification products were di rectly sequenced. The DNA nucleotide sequence was confirmed by labeling with each of 5' and 3' primers, resulting in the determination of a total 405 bp. Figure 2A shows sequences in the part of the cytochrome b gene starting from the methionine codon ATG. A similar sequence has already been reported for other Carcharhiniformes.25) Five polymorphic sites were found only at the third base in the codon, thus no substitution of amino acid occurred in any samples from different areas (Fig. 2B) . There was no polymorphic site among all samples from the Atlantic Oce an and related river systems flowing there (No. 1-7). There 19) c Primers designed in this study. was one polymorphic site in the Australian shark (No. 10) at the 15th thymine compared with these sharks, while the 366th thymine was specific to the two Mexican marine sharks collected from the Pacific Ocean (No. 8 and 9). Nevertheless, three polymorphic sites were observed be tween these two Pacific specimens.
DNA Nucleotide Sequence of the D-loop Region
The D-loop region has been demonstrated to be the most variable part in the mitochondria) genome.281 The rate of mutation in this region is estimated to be five times as high as that of the remaining part in the mitochondrial genome. It is well known that versatile primers are fre quently unable to amplify DNA fragments from the Dloop region for vertebrate species. This situation was also applicable to our shark, thus we tried to construct new primers by walking the cytochrome b, tRNA, and 12SrR-NA genes (Fig. 3 , see also Table 2 ). The light strand primer 1 was designed from the data reported for the cytochrome b gene of C. plumbeus and C. porosus.2S) Then, primer I and 12SAR-H for 12SrRNA19) were used as the light and heavy strand primers, respectively, for amplifying the Dloop region of the bull shark. PCR products contained a DNA fragment of about 1600 by (data not shown), ena bling us to determine the sequences of presumed 5' and 3' sites of the D-loop region in addition to the sequences of parts of the cytochrome b, 12SrRNA and three tRNA genes. Primers 2 and 3 were then used as the light and heavy strand primers, respectively, to amplify an inner region of the D-loop. Similarly, other four primers 4-7 were constructed to determine the complete sequence of the D-loop region for Nicaraguan marine (No. 4) and freshwater (No. 5), Mexican marine (No. 8), and Aus tralian freshwater (No. 10) sharks. Although the complete sequence determination for the D-loop region was per formed only once for each specimen, the sequence comparison among the four fish revealed that the most variable region was that of about 500 bp, which could be amplified by PCR with primers 6 and 7 as the light and heavy strands, respectively (data not shown) . Figure 4A shows the nucleotide sequence of 484 by from the most variable part in the D-loop region in the Nicaraguan marine bull shark No. 1. The 50th gap was in serted after comparison with sequences from other specimens. There were 17 polymorphic sites including two gaps among ten samples examined (Fig . 4B) . In contrast to the results of sequence comparison for the cytochrome b gene , specimens collected from the Atlantic Ocean and related river systems seemed to be divided into two groups . Two Ni caraguan marine (No. I and 2) and one Mexican freshwater (No. 7) shark were accounted for in one group where only the 451st thymine was substituted for guanine in No. 2. The other group (No. 3-6) featured the 189th ade nine, 221st cytosine, 453rd guanine, 464th guanine , and 467th cytosine different from the first group . Four bases of the 50th adenine, 240th thymine, 242nd adenine , and 272nd guanine were specific to the two Mexican marine fish from the Pacific Ocean (No. 8 and 9). This result is in marked contrast to the result for the cytochrome b gene where these two showed different sequences (see Fig. 2B ). The Australian shark (No. 10) contained four specific bases of the 91st thymine, 264th adenine, 293rd adenine, and 420th thymine.
Another marked alteration which distinguished the pre sumed groups was the occurrence of nucleotide deletions after the best alignment of the sequence. The deletion of the 50th base was observed in all Nicaraguan samples together with samples from Australia and the Usumacinta River, Mexico, flowing into the Atlantic Ocean. The dele tion of the 457th base was found only in the group from the Atlantic Ocean sites. On the other hand, the two Mexi can specimens from the Pacific Ocean exhibited no dele tion.
Discussion
Previous investigations on diverse vertebrate species in dicate that intraspecific variations in the cytochrome b gene are remarkably low. 21,27,29) In elasmobranchs, Martin and Palumbi25) observed that cytochrome b has few in traspecilic variations in the DNA sequence. Furthermore, Martin et al.30) reported that the divergence rate in the se quence is six-to seven-fold slower in sharks than in ungu lates and primates. In this study, there were five poly morphic sites in the nucleotide sequence of the cytochrome b gene among ten samples collected. Australian freshwater and Nicaraguan freshwater and marine sharks inhabit different areas with a fairly long distance. Nevertheless, there is only one polymorphic site between these speci mens. Furthermore, Mexican freshwater and Nicaraguan freshwater and marine specimens showed the same se quence of the cytochrome b gene. Taken together, there was no evidence that freshwater and marine bull sharks of Australia and Latin America were different species other than C. leucas.
The origin of a heavy-strand replication, called the Dloop or control region, is the most variable part in the mitochondrial genome, with an estimated rate of mutation being five times as high as that of the remaining part.28) This region is well suited for detecting intraspecilic differ ences in nucleotide sequences for vertebrate species.18,31-33) In this study, we observed 17 polymorphic sites including two gaps in the 484 by sequence of the D-loop region. The Australian freshwater shark was distinguished from other specimens by four specific substitutions at the 91st, 264th, 293rd and 420th base (see Fig. 4B ). The sample size of our collection from different localities was not large enough to describe the population structurrrrrrrrrre statistically. However, the comparison in nucleotide sequences of the D-loop region was useful to separate bull shark samples into sever al groups.
The occurrence of two gaps implies the possible presence of DNA length polymorphism in the D-loop region of the bull shark as reported for certain species of teleost.18'34) The gap site is not usually used for statistical analysis, since it is not clearly understood in relation to the structure and function of the gene. However, an adenine in the 50th base of the D-loop was found only in the two Mexican marine specimens (No. 8 and 9) from the Pacific Ocean. On the other hand, the 457th base gap was ob served in the two Nicaraguan freshwater samples (No. 5 and 6), as well as two of four Nicaraguan marine individuals (No. 3 and 4). This gap separated samples from the Atlantic Ocean and related river systems, one for those inhabiting the area from the Caribbean Sea to the Yucatan Peninsula (No. 1, 2 and 7) and the other from San Juan River System to the Caribbean Sea (No. 3-6). Other variable sites of the D-loop region also confirmed this classification.
Bigelow and Schroeder7) and Thorson35) proposed that the Nicaraguan freshwater bull shark is conspecific with that in the Atlantic Ocean. Such a proposal was confirmed in this study by the fact that Nicaraguan freshwater and marine bull sharks contained the same DNA nucleotide se quence of the cytochrome b gene. Thorson In this study, we determined the sequence of the D-loop region of the bull shark, which is the first report for elasmobranches to our knowledge. Genetic data concerned with the D-loop from many samples along with biological descriptions will reveal the population structure of the bull shark.
